O b values in the North Atlantic appear to have remained within 0-0.25& lower than in the Pacific. However, the magnitude of this difference is sensitive to the inclusion of records from the equatorial West Atlantic. These results, together with constraints based on temperature, salinity, and density, suggest an influence of the seawater d 
Introduction
Stable oxygen isotope ratios measured on benthic foraminifera (d [Emiliani, 1955] , the latter of which varies with the amount of ice stored on the continents [Shackleton, 1967] as well as changes in surface ocean circulation and the hydrological cycle in source regions [Rohling and Bigg, 1998; Waelbroeck et al., 2002] . The d [Lisiecki and Raymo, 2005] , has been estimated to be 1.0 6 0.2& through indirect methods [Schrag et al., 1996; Shackleton, 2000; Adkins et al., 2002; Duplessy et al., 2002; Waelbroeck et al., 2002] . The implication is that globally averaged deep water temperature change contributes a substantial portion (40%) to the late Pleistocene d Raymo et al., 2004] . In the early Pliocene, between 4.7 and 3.2 million years ago (hereafter Ma), there was a reversal in the vertical d
18
O b gradient between deep (ODP Site 925) and bottom (ODP Site 929) waters in the western equatorial Atlantic. Billups et al. [1998] interpret this observation as a temperature and salinity increase at 3000 m depth (Site 925), possibly due to enhanced Meridional Overturning Circulation in response to the closure of the Central American Seaway. Tian et al. and 1267, situated on Walvis Ridge in the Southeast Atlantic. This region represents a major export pathway for North Atlantic Deep Water (NADW) [Arhan et al., 2003] and has previously shown to be important for understanding past circulation changes Bickert and Mackensen, 2003] . In order to investigate the evolution of local and regional d 18 O b -gradients within the past 5.3 Myr, we construct and compare regional averages from the North Atlantic and Pacific and assess intra and interbasin d 18 O-gradients from the perspective of Sites 1264 and 1267.
Site Locations
ODP Leg 208 drilled Sites 1264 and 1267 as part of a depth transect along the more shallow sloping northern flank of Walvis Ridge [Zachos et al., 2004] , which forms a prominent topographic feature within the Southeast Atlantic, separating the Angola Basin to the north and the Cape Basin to the south. The deep water hydrography, summarized in Figure 1 , involves the mixing of NADW, Antarctic Bottom Water (AABW) and upper Circumpolar Deep Water (uCDW), and is strongly controlled by ocean bathymetry.
Walvis Ridge forms an almost impassible barrier in most locations below 3500 m and restricts water flow up to depths of 2500 m. However, two passages below 4000 m exist in the southern part of the ridge near 36 S-7 W (the Walvis Passage) and 32 40 0 S-2 20 0 W [Connary and Ewing, 1974] . To the northeast, the ridge shallows and only two locations allow the passage of water below 3000 m, between 28-30 S and at 22 S (the Namib Col) [Arhan et al., 2003] . North of Walvis Ridge, the enclosed bathymetry means that AABW influence in the Angola Basin is limited to transport through the Romanche Fracture Zone (RFZ) near the equator, with some bottom water passage permitted through the southern part of the ridge [Connary and Ewing, 1974] . This means that NADW dominates all depths in the Angola Basin below 1500 m, although
Geochemistry, Geophysics, Geosystems there is modification of the lowest parts of NADW by AABW, possibly as much as 20-30% [Schmiedl et al., 1997; Arhan et al., 2003] . Below the constraining depths of these ridges, NADW advection mainly occurs through the Romanche Fracture Zone (RFZ) and partly from dense overflow waters from the Nordic seas, which spill into the East Atlantic over the Greenland-Scotland Ridge (GSR) [Smethie et al., 2000; Fleischmann et al., 2001; Arhan et al., 2003] . Above these depths, transport of NADW into the Southeast Atlantic is primarily accomplished via zonal pathways between the equator and 25 S [Arhan et al., 2003; Hogg and Thurnherr, 2005] .
Methods

Stable Isotope Analysis
Sample processing and measurements for sediment cores from Sites 1264 and 1267 were carried out between three different universities and using four different mass spectrometers. For the large majority of samples, benthic species, Cibicidoides wuellerstorfi, were picked from the >200 lm size fraction. Stable oxygen and carbon (d 13 C) isotope measurements were performed on one to three specimens, depending on availability. Foraminiferal calcite was then reacted in 70-75 C orthophosphoric acid using the following carbonate preparation devices and the resulting CO 2 was then analyzed on the following mass spectrometers. At Vrije Universiteit, Amsterdam, using (1) a Finnigan 251 Gas Source mass spectrometer equipped with Kiel type automated carbonate extraction line and (2) a Themo Finnigan Delta1 mass spectrometer equipped with a Finnigan GasBench 2 preparation device. At the University of Edinburgh, a Thermo Electron Delta1 Advantage mass spectrometer was used with a Kiel carbonate III automated extraction line.
For samples between 30 and 58 m composite depth (mcd) at Site 1264, processing was completed at the University of Florida. These samples were initially prepared as above, before picking C. wuellerstorfi from the >150 lm size fraction. Benthic foraminiferal tests were then cleaned in an ultrasonic bath to remove finegrained particles and soaked in 15% H 2 O 2 to remove surface organic contaminants prior to analysis. This cleaning procedure is unlikely to have a significant effect on stable isotope measurements [Feldmeijer et al., 2013] . The number of specimens of C. wuellerstorfi varied from 1 to 4 and foraminiferal tests were crushed Figure 1 . Schematic of Atlantic deep water (>1500 m depth) circulation with labels for key sites discussed in the text. Circulation scheme is adapted from Dickson and Brown [1994] , Stramma and England [1999] , and Arhan et al. [2003] .
Geochemistry, Geophysics, Geosystems before analysis. The foraminiferal calcite was reacted in 70 C orthophosphoric acid using a Kiel III carbonate preparation device. Evolved CO 2 gas was measured online with a Finnigan-MAT 252 mass spectrometer.
For a small number of samples in Site 1267 cores, C. wuellerstorfi specimens were extremely sparse. A particularly sparse section was present between 36 and 38 mcd. In the majority of these cases, alternative species, Cibicidoides kullenbergi, was used. For 16 measurements, Melonis barleeanum was used, with speciesspecific corrections taken from Shackleton and Hall [1984] .
All stable isotope results are reported relative to Vienna Pee Dee Belemnite and calibrated using inhouse standards that are correlated to the international standard, NBS19. [Shackleton and Opdyke, 1973; Shackleton and Hall, 1984] .
Establishment of an Orbital-Scale Age Model
For all time series processing, the software package AnalySeries was used [Paillard et al., 1996] . In a first step, the mcd scale of Site 1267 was mapped onto that of Site 1264, primarily via alignment of the d
18
O b records (Figure 2 ). Whenever possible, lightness and magnetic susceptibility records were also used to improve confidence in the alignment. Once the records were aligned, data were combined to form a single continuous record, based on the Site 1264 depth scale, down to 29.7 mcd, and then averaged by a three point running mean (Figure 2 O data from ODP Site 1267 (top/blue) to ODP Site 1264 (middle/red) and the resulting Walvis Stack (bottom/black). The stack was created by combining data from Sites 1267 and 1264 on the 1264 depth meters composite depth (mcd) scale and smoothing by a 3pt running average. Triangular markers denote tie points used for alignment, linked by dashed lines for a select few. C. wuellerstorfi values are corrected by the standard 10.64% to account for disequilibrium with the surrounding seawater [Shackleton and Hall, 1984] .
Geochemistry, Geophysics, Geosystems aid in the alignment procedure and maintain consistency with independent age estimates, calcareous nannofossil (CN) and paleomagnetic reversal (PMAG) age-depth control points [Zachos et al., 2004] were used as initial tie points (Figure 3) Figure 1 ). This potential alignment error is too small to affect interpretations presented in this study. Furthermore, cross-spectral analysis demonstrates overall successful alignment of records to the LR04 stack (supporting information Figure 2 ). There is good general agreement with CN data, with the limited discrepancies justified by otherwise clearly poor correlation of d
18 O b -stratigraphy or disagreement with PMAG data, or both. Records from both Sites 1264 and 1267 are plotted on the LR04 aligned age model in Figure 4 .
A notable feature of the age model for both sites is a peak in sedimentation rates around 3.6 Ma ( Figure 4b ). This is concurrent with marked changes in the climate system, such as an increase in Southern Ocean deep water ventilation [Andersson et al., 2002] and Schmidt, 2006; Waelbroeck et al., 2011] and so variations in their isotope budget and contributions to deep water may add complexity. For both regions, and for the duration of the Plio-Pleistocene, the average number of records remains between 5 and 8, while the average depth remains between 2800 and 3300 m. All d 18 O b records have been corrected for species-specific disequilibrium with surrounding seawater by the standard values [Shackleton and Opdyke, 1973; Shackleton and Hall, 1984] .
Preparing the data for comparison and creating regional averages requires records to be placed on a common timescale and a regular sampling interval. For this, we use the published chronologies for sites that have been aligned to the LR04 stack. For sites that have used alternative age model strategies, we adjusted the published age models by visually aligning the d 18 O b records to the LR04 stack in order to maintain stratigraphic consistency between the different time series. All records were then resampled at 5 kyr intervals. Regional averages were calculated for the deep Pacific and North Atlantic by combining the resampled records within the respective regions. Gradients were calculated between the Pacific and North Atlantic from the difference between the two regional time series for each 5 kyr time step, then smoothed with a 50 point moving window to give 250 kyr trends (Figures 4b and 5 ). The use of 250 kyr running averages is to highlight trends over longer timescales than the dominant orbital-scale variability. Changing the degree of this smoothing does not affect the conclusions presented. Uncertainties in the average for the regional time series were estimated for each 5 kyr interval by calculating the 2r standard error on the mean (SEM) before smoothing by a 50 point moving window. Geochemistry, Geophysics, Geosystems 
Results
During the Plio-Pleistocene, long-term (250 kyr [Craig and Gordon, 1965] , such as during deep water formation around Antarctica [Weiss et al., 1979; Leonard et al., 2011] . Additional complications may also arise when considering changes to the local evaporation-precipitation balance, changes in freshwater volume flux, additional freshwater end-members, and mixing between upper ocean water masses [Rohling and Bigg, 1998 ]. Factors such as these may lead to significant changes in d 18 O-gradients recorded by foraminifera without requiring any change in the temperature, salinity, or density of the ambient seawater [Schmidt, 1999] . [Venz and Hodell, 2002; Hodell and Venz-curtis, 2006] , Site 925 [Bickert et al., 1997; Billups et al., 1997; Tiedemann and Franz, 1997] , Site 704 [Hodell and Venz, 1992] , Site 1090 [Venz and Hodell, 2002] , and Site 849 [Mix et al., 1995a] .
Geochemistry, Geophysics, Geosystems The larger gradients observed during interglacials support our interpretation of differences in water mass properties as NADW formation is expected to be more vigorous at these times [Imbrie et al., 1992] Fleischmann et al., 2001] . If the flux of sufficiently dense waters from Nordic seas were to have increased, then it is conceivable that limited mixing with other water masses allowed the formation of a unique water mass. Despite potential similarities to the formation of ISOW, however, the situation of superdense Nordic sea overflow waters filling the abyssal East Atlantic has no modern counterpart.
An additional possible explanation for changes in deep water conditions at Walvis Ridge sites relates to changes in the flux and/or properties of Mediterranean Outflow Water (MOW). MOW exits the Mediterranean basin through the Strait of Gibraltar as a highly saline (38.4 psu), warm (13 C) and, therefore, dense water mass [Candela, 2001] . On entering the eastern North Atlantic and mixing with ambient North Atlantic Central Water, MOW spreads westward and northward at a depth of 1100 m [Lozier et al., 1995] . The contribution of MOW to the northeastern North Atlantic increases the salinity of intermediate waters there, thus increasing their density. In this way, MOW is considered to contribute to NADW formation [Reid, 1994] . would require a substantial difference in density (<D0.4r) due to differences in deep water temperature (<D3. [Zahn and Mix, 1991] and only relative temperature values are interpreted.
In order to narrow the range of potential explanations of observed d 18 O-gradients and to simplify interpretations, we include the following assumptions: (1) source water temperatures must be above the freezing point of seawater, (2) deep waters at Sites 1264 and 925 during times of 0.5& d 18 O-gradients are sourced from the high-latitude North Atlantic exclusively, (3) North Atlantic source waters for Sites 1264 and 925 are distinct, (4) density gradients between Sites 1264 and 925, which both lie above the constraining depth of the mid-Atlantic Ridge (MAR), must be minimized, and (5) d 18 O SW :salinity changes are modified by inputs from one freshwater and one seawater end-member and/or sea ice formation only.
The first assumption is a physical constraint that must be obeyed. The second assumption is based on the low d Figure 9 considers scenarios of changing freshwater and seawater end-members. We apply these changes to the source waters of Site 925 only, keeping the Site 1264 as a fixed reference. In the previous section, we suggested that deep waters bathing Site 1264 between 2.0 and 1.5 Ma were sourced from the southeast Nordic seas, similar to ISOW. In line with the modern situation, it is expected that deep waters in the West Atlantic bathing Site 925 had a stronger influence from higher latitudes, such as Arctic deep waters overflowing as part of Denmark Strait Overflow Water (DSOW), but may have also originated from open ocean convection in the high-latitude North Atlantic, such as Labrador Sea Water (LSW) [Dickson and Brown, 1994] between Sites 1264-925 could have existed without any differences in water mass temperature and salinity. This is not a unique solution as the additional imprint of sea ice formation to various scenarios can also resolve Site 1264-925 density differences but merely illustrates the potential influence of sea ice formation.
The same arguments presented above for differences between Sites 1264 and 925 may also be made for differences between Sites 1267 and 929. The situation for these deeper sites may, however, permit stronger east-west density differences to exist due to the physical separation of the East and West Atlantic at these depths by the MAR. [Rohling and Bigg, 1998; Schmidt, 1999; Bauch and Bauch, 2001; Wadley et al., 2002] . A recent study has examined the impact of changes in sea ice formation between glacial and interglacial states on d 18 O SW using an isotope-enabled climate model [Brennan et al., 2013] Figure 9 ). Such conditions exist during the formation of supercooled deep water beneath floating ice shelves, as is the case in the Weddell Sea today [Schlosser et al., 1990; Weppernig et al., 1996] .
In a separate isotope modeling study, Wadley et al. [2002] O SW :salinity relationship through time. Finally, the inferred connection between low-latitude surface waters and deep water export into the abyssal East Atlantic suggests a role for Atlantic Meridional Overturning Circulation in shaping Plio-Pleistocene climate change through enhanced oceanic northward heat transport.
